Aims/hypothesis Increased retinol-binding protein 4 (RBP4) has been reported in association with insulin resistance and type 2 diabetes. We aimed to investigate the association of serum RBP4 with impaired glucose regulation and microalbuminuria in Chinese adults aged 40 years or older. Methods Serum RBP4 was measured in 763 individuals with normal glucose regulation, 508 with impaired glucose regulation and 524 newly diagnosed diabetic patients. Serum RBP4 was measured using ELISA and urine albumin/ creatinine ratio was used to determine the urinary albumin excretion.
Introduction
Recently, retinol-binding protein 4 (RBP4), which is known as a specific transporter that delivers retinol from the liver to other tissues, has been identified as having an effect on systemic insulin sensitivity and glucose homeostasis [1, 2] . The association of serum RBP4 with BMI and insulin resistance has been most commonly studied; however, the results from these studies are not consistent [3] [4] [5] [6] [7] [8] . While serum RBP4 levels were increased in certain metabolic disorders, such as obesity, type 2 diabetes and polycystic ovarian syndrome, that were closely related to insulin resistance [1] [2] [3] 9] , some other studies reported that serum RBP4 levels were not elevated in obese elderly women and that RBP4 level was not related to insulin sensitivity [5, 6] .
Insulin resistance is a conspicuous characteristic of prediabetic states (impaired fasting glucose [IFG] and/or impaired glucose tolerance [IGT] ), plays a crucial role in the development of type 2 diabetes and even contributes to an increased risk of cardiovascular diseases and early mortality [10, 11] . Elevated serum RBP4 levels have been reported in connection with IGT in studies with small sample sizes [2, 12, 13] ; however, the association of RBP4 with isolated IFG, isolated IGT and combined IFG and IGT has rarely been studied. Microalbuminuria, which is an early indicator of renal dysfunction, represents a risk factor for atherosclerosis and cardiovascular disease independent of conventional risk factors [14, 15] . Previous studies demonstrated that microalbuminuria was associated with insulin resistance in type 2 diabetic patients as well as in non-diabetic individuals [16, 17] . Studies have also shown an association of serum RBP4 with albumin excretion, although this relationship was not fully elucidated [2, 3] . In the present study, we investigated the association of serum RBP4 with states of glucose metabolism and urinary albumin excretion in a group of Han Chinese aged 40 years or older.
Methods
Participants We performed a two-step blood glucose survey in [2004] [2005] in a population selected from a single urban community of Shanghai. The study protocol was approved by the Institutional Review Board of the Rui-Jin Hospital and informed consent was obtained from each participant. The study population, design and protocols of this cohort study have been described previously [18, 19] . Briefly, we first invited all registered permanent residents aged 40 years or older by poster advertisement and by mail to participate in a screening examination, during which we collected information on lifestyle, medical history and the use of medications using a questionnaire, and performed anthropometrical measurements and fasting capillary glucose tests. The smoking habit was defined as 'never', 'current' (>6 months on a daily basis) and 'previous' (cessation of smoking >6 months), while the alcohol intake habit was recorded as 'yes' or 'no'. In the second step, after exclusion of individuals with self-reported diabetes mellitus, we classified the screened participants into three groups according to capillary glucose concentrations: 7.0 mmol/l or above; 5.6-6.9 mmol/l; or below 5.6 mmol/l. We selected randomly a sex-and age-matched sample from these three subgroups for further investigation, which included a 75 g oral glucose tolerance test and blood and urine sampling. Our selection was based on a ratio of 1:1.2:1.44, as we were concerned that individuals with lower glucose levels might be less likely to participate than those with higher glucose concentrations.
A total of 9,219 individuals (27% of the registered permanent residents) participated in the first step of our survey. After the exclusion of 973 individuals with selfreported diabetes, 2,297 (631 people with fasting capillary glucose levels of 7.0 mmol/l or above; 757 people with levels 5.6-6.9 mmol/l; and 909 individuals with levels below 5.6 mmol/l) were invited for further investigation. Eventually 1,835 (491 individuals with fasting capillary glucose level of 7.0 mmol/l or above; 594 people with levels at 5.6-6.9 mmol/l; and 750 individuals with levels below 5.6 mmol/l) participated in the second step of the survey, with an overall retention rate of 80%. The participants (1,835 people) and non-participants (7,384 people) were similar in characteristics such as sex, age, systolic and diastolic blood pressure. Of 1,835 individuals, 40 were excluded from the present analysis because of missing information: 34 because of incomplete data on fasting, 2 h OGTT, plasma glucose and urinary albumin excretion; and six because of incomplete data on serum RBP4. Thus, 1,795 individuals were involved in the present study, including 763 people with normal glucose regulation, 508 people with impaired glucose regulation and 524 newly diagnosed diabetic patients.
Data collection Body height, body weight, and waist and hip circumferences were measured by the same physician. Body mass index was calculated as body weight in kilograms divided by height squared in metres. Blood pressure was measured at the right arm with an automated electronic device (OMRON Model1 Plus; Omron Company, Kyoto, Japan) three times consecutively with 1 min intervals after at least 5 min rest in the seated position; the three readings were averaged for analysis. Overnight fasting and 2 h OGTT blood samples were collected in tubes containing EDTA and were centrifuged at 4°C and stored at −80°C until analysis. We measured fasting and 2 h post-load plasma glucose concentrations and serum concentrations of triacylglycerol, total cholesterol, HDL-and LDL-cholesterol, uric acid and creatinine using an autoanalyser (Beckman CX-7 Biochemical Autoanalyser, Brea, CA, USA). We measured serum insulin concentrations using a radioimmunoassay (Sangon Company, Shanghai, China).
Urinary albumin and creatinine concentrations were determined using the first-void sterile urine sample in the early morning by rate nephelometry (Beckman Coulter, Fullerton, CA, USA) and alkaline nitroxanthic acid method, respectively. The sensitivity of the urinary albumin assay was 2.0 g/l. The albumin/creatinine ratio (ACR) was calculated as milligrams of urinary albumin excretion per gram of urinary creatinine and used for the diagnosis of normal, micro-and macroalbuminuria, defined as an ACR <3.4, 3.4-34, and >34 mg/mmol, respectively.
ELISA for RBP4 Serum RBP4 concentrations were measured in duplicate by a sandwich ELISA developed in house, using polyclonal and monoclonal antibodies generated against recombinant human RBP4 protein and purified using affinity chromatography [20] . The assay system was subsequently cross-validated by western blotting [20] . The intra-assay CV was 4.8-11.6% and inter-assay CV was 6.3-16.3% in the present study. Briefly, monoclonal anti-RBP4 antibody was used to coat a 96 well microplate overnight at 4°C. Blocking was performed with 250 μl per well PBS containing 1% (wt/vol.) BSA at 37°C for 1 h. After washing three times with PBS containing 0.05% (vol./vol.) tween-20 (PBST), 100 μl samples of plasma at a dilution of 1:1,000 with PBST containing 0.1% (wt/vol.) BSA, or purified His-tagged full-length RBP4 (0.001-0.5 μg/ml) as standard, were added and incubated at 37°C for 1 h. The plates were washed three times with PBST and then incubated at 37°C for 1 h with 100 μl polyclonal anti-RBP4 antibody. After washing three times with PBST, the plates were incubated at 37°C for 1 h with 100 μl per well detection antibody (horseradish-peroxidase-conjugated antirabbit IgG, Bio-Rad Laboratories, Hercules, CA, USA). The plates were washed three times with PBST, followed by incubation at 25°C for 20 min with 100 μl freshly mixed (1:1) stabilised peroxide solution and chromogen solution (R&D Systems, Minneapolis, MN, USA). For detection, optical densities were measured at 450 nm after the reaction was stopped by addition of 100 μl 1 mmol/l H 2 SO 4 per well.
Definitions Impaired glucose regulation was defined as impaired fasting glucose (fasting plasma glucose level ≥6.1 and <7.0 mmol/l) and/or impaired glucose tolerance (IGT, 2 h OGTT plasma glucose level ≥7.8 and <11.1 mmol/l). Isolated IFG: fasting plasma glucose ≥6.1 mmol/l and <7.0 mmol/l and 2 h OGTT plasma glucose <7.8 mmol/l. Isolated IGT: 2 h OGTT plasma glucose ≥7.8 mmol/l and <11.1 mmol/l and fasting glucose <6.1 mmol/l. IFG/IGT: fasting plasma glucose 6.1 mmol/l to 6.9 mmol/l and 2 h OGTT plasma glucose 7.8 mmol/l to 11.0 mmol/l. Type 2 diabetes was diagnosed according to the 1999 World Health Organization criteria (fasting plasma glucose level ≥7.0 mmol/l and/or 2 h OGTT plasma glucose level ≥11.1 mmol/l). A fasting glucose level lower than 6.1 mmol/l and a 2 h OGTT plasma glucose level below 7.8 mmol/l were defined as normal glucose regulation (NGR).
Statistical analysis SAS version 8.1 (SAS Institute, Cary, NC, USA) was used for database management and statistical analysis. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated according to the equation described by Matthews et al. [21] . The abbreviated Modification of Diet in Renal Disease (MDRD) Study Group formula was used to estimate the glomerular filtration rate based on age, sex, and serum creatinine: GFR ¼ 186:
Measurements with a skewed distribution were normalised by logarithmic transformation. Comparisons of means and proportions were performed with the standard normal z and χ 2 tests, respectively. Homogeneity of groups was determined when the means showed significant differences. Means of these groups were compared by the Student-Newman-Keuls method.
To allow for covariates and confounders, we performed analysis of covariance and multiple linear and logistic regressions. Univariate and multivariable stepwise logistic regression analysis were used to investigate the association of serum RBP4 with clinical and biochemical characteristics. The forward regression procedure was used to obtain determinants of serum RBP4, and we considered as potential covariates age, sex, body mass index, waist circumference, fasting plasma glucose, 2 h OGTT plasma glucose, log 10 insulin, log 10 HOMA-IR index, serum concentrations of triacylglycerols, total cholesterol, HDL-and LDLcholesterol, systolic and diastolic blood pressure and log 10 ACR. To study the association of impaired glucose regulation with RBP4, we defined participants with normal glucose regulation as 0 (n=763) and impaired glucose regulation as 1 (n=508), and excluded type 2 diabetic patients from the logistic regression analyses. For the association of combined impaired glucose regulation and type 2 diabetes with RBP4, we defined participants with normal glucose regulation as 0 (n=763) and combined impaired glucose regulation and type 2 diabetes as 1 (n=1,032) in the logistic regression analyses. To investigate the association of microalbuminuria with RBP4, we defined participants with normal urinary albumin excretion as 0 (n=1,651) and microalbuminuria as 1 (n=127), excluding macroalbuminuria (n=17) from the logistic regression analyses. For association of combined micro-and macroalbuminuria with RBP4, we defined participants with normal urinary albumin excretion as 0 (n=1,651) and combined micro-and macroalbuminuria as 1 (n=144). A p value of less than 0.05 was considered to be statistically significant.
Results
Characteristics of the participants The study involved 763 participants with NGR, 508 with IGR and 524 with newly diagnosed type 2 diabetes (Table 1) . Among the participants with IGR, 116 (6.5%) had isolated IFG, 252 (14.0%) had isolated IGT, and 140 (7.8%) had combined IFG/IGT. There was no significant difference in sex distribution, serum concentration of creatinine and alcohol intake between these groups (all p>0.05). The average age was 62.5 years and BMI was 25.2 kg/m 2 . The NGR and diabetes groups had, respectively, the most favourable and unfavourable metabolic profiles. There was no significant difference in waist circumference, waist/hip ratio, and serum triacylglycerol concentrations between the groups with isolated IFG, isolated IGT and combined IFG/IGT. The isolated IGT and combined IFG/IGT groups had higher serum fasting insulin concentration and urinary ACR than the isolated IFG and NGR groups. The metabolic profile of the combined IFG/IGT group showed a trend towards similarity to the type 2 diabetes group. Serum RBP4 levels by sex and age Serum RBP4 levels were significantly higher in men than in women (19.6±9.8 vs 17.6±8.9 μg/ml, p<0.0001). However, with an adjustment for age, waist circumference, waist/hip ratio, current smoking, current alcohol intake and education, the difference became non-significant (p=0.57). Age was positively associated with serum RBP4 levels (r=0.07, p=0.005). RBP4 concentrations increased by 0.60 μg/ml with each 10 year increase in age (p=0.01).
Determinants of serum RBP4 concentrations Serum triacylglycerol, total cholesterol, HDL-and LDL-cholesterol, waist/hip ratio, sex, and log 10 -transformed urinary ACR were independent determinants for serum RBP4 concentrations in a stepwise linear regression analysis (Table 2) . However, RBP4 levels were not associated with either serum C-reactive protein (r=0.04, p=0.13) or white blood cell count (r=0.05, p=0.71).
RBP4 in impaired glucose regulation and newly diagnosed type 2 diabetes In both sexes combined, serum RBP4 concentrations were significantly increased in participants with isolated IFG, isolated IGT, combined IFG and IGT, and newly diagnosed type 2 diabetes compared with concentrations in participants with NGR (19.1, 19.8, 19 .2, 19.6 μg/ml vs 16.8 μg/ml, all p<0.01), after adjustment for sex, age, BMI, current smoking and current alcohol intake, the education received and the family history of diabetes. There was no statistical difference between these four groups with dysregulation of glucose metabolism (all p>0.51) (Fig. 1) .
As shown in Table 3 , increased RBP4 was associated with an increased risk of hyperglycaemia. The higher level of RBP4 had a higher risk of impaired glucose regulation (OR 1.011, 95% CI 1.000-1.022, p=0.04) after adjustment for sex, age, BMI, current smoking and alcohol intake, family history of diabetes, insulin resistance, triacylglycerol, total cholesterol, HDL-and LDL-cholesterol; the corresponding OR for both impaired glucose regulation and type 2 diabetes was 1.022 (95% CI 1.009-1.035, p=0.0009).
Serum RBP4 and the risk of albuminuria We also found that serum RBP4 concentrations were increased from 18.1 μg/ml in participants with normal albumin excretion, to 21.1 μg/ml in those with microalbuminuria, and to 25.2 μg/ml in those with macroalbuminuria (p<0.0001); and the difference remained statistically significant after adjustment for sex, age, BMI, waist circumference, waist/ hip ratio, HOMA-IR, current smoking and alcohol intake, serum triacylglycerol, plasma glucose, blood pressure and use of antihypertensive drugs; there was no significant difference between the micro-and macroalbuminuria groups (p=0.82; Fig. 2 ). Increased serum RBP4 was associated with high risk of microalbuminuria and combined micro-and macroalbuminuria (Table 4) . The logistic regression analysis also showed that a 1 μg/ml increase in RBP4 level was associated with an increased risk of microalbuminuria and combined micro-and macroalbuminuria of 2.3% (p=0.01) and 2.4% (p=0.006), respectively, even after adjustment for sex, age, smoking habit and alcohol intake, BMI, waist/hip ratio, HOMA-IR, glomerular filtration rate, triacylglycerol, total cholesterol, and HDLand LDL-cholesterol (Table 4) .
Discussion
In the present study we found that, in a large Chinese cohort aged 40 years or older, serum RBP4 concentrations were higher in the presence of isolated IFG, isolated IGT, combined IFG and IGT, and type 2 diabetes. Serum RBP4 was also associated with a higher risk of microalbuminuria independent of various confounding factors. However, given the cross-sectional nature of our study, no causal inference can be drawn.
Serum RBP4 levels were positively correlated with several metabolic indices, such as BMI, waist/hip ratio, HOMA-IR, blood pressure, impaired glucose metabolism (IFG/IGT, type 2 diabetes) and serum triacylglycerol. These findings were in line with previous studies [2, 3] . We did not find a positive correlation between serum RBP4 and BMI or waist circumference in a multivariate linear regression analysis. Nevertheless, we found waist/hip ratio to be one of the independent determinants of the serum RBP4 concentration. , the BMI range was relatively narrow in this study. Consequently, this may contribute to the non-significant difference in serum RBP4 levels between obese and nonobese individuals. However, we assumed that our findings provided the evidence that RBP4 was highly correlated with obesity, especially central obesity.
In our study, we found the waist/hip ratio to be independently and positively associated with RBP4. The INTERHEART study investigators argued that the prevalence of obesity was underestimated when based on BMI values. If a raised waist/hip ratio was used to assess the risk of cardiovascular disease, the proportion of people classified as obese worldwide would increase substantially, especially in the Middle East, southern Asia and SouthEast Asia [22] . Thus, the waist/hip ratio might be a more accurate index of obesity in the present population. Also, some recent studies [4] [5] [6] failed to detect difference in circulating RBP4 levels according to obese status. Janke et al. [6] argued that adipose tissue might be a less important source of circulating RBP4 in humans than in animals and that it was possible that the increase in circulating RBP4 in the insulin-resistant state was not explained by increased RBP4 production in adipose tissue. Thus, prospective and and IFG/IGT) and type 2 diabetes mellitus (T2DM). The covariables included age, sex, BMI, current smoking, current alcohol intake, the education received and the family history of diabetes. Participants with type 2 diabetes mellitus and IGR (isolated IFG, isolated IGT and IFG/IGT) had higher concentrations of RBP4 than those with NGR (both p<0.0001). There was no statistical difference among the subgroups of IGR (p=0.67) and between the IGR and type 2 diabetes mellitus groups (p=0.71) biological studies are needed to further explore the association of serum RBP4 with obesity. Increased RBP4 levels increased the risk for hyperglycaemia, including impaired glucose regulation and newly diagnosed type 2 diabetes, after excluding the effects of age, sex, central obesity, HOMA-IR, family history of type 2 diabetes and the levels of serum lipid. Yang et al. [1] reported that increasing RBP4 could act directly to induce the expression of phosphoenolpyruvate carboxykinase (PEPCK) (also known as PCK2), increase glucose production and reduce insulin action to suppress glucose production in hepatocytes. In addition, there is a report explaining that RBP4 attenuates insulin-induced phosphorylation of insulin receptor substrate 1 (IRS1) and extracellular regulated kinase (ERK1/2) in primary human adipocytes [23] . Several studies have shown that after treatment with thiazolidinediones (TZDs), an insulin sensitiser, or exercise, serum RBP4 levels are decreased and insulin resistance improves [2, 12] .
We found a striking association between serum RBP4 and lipid levels, especially levels of triacylglycerol. Our results were in line with previous findings [2, 3, 5] . Insulin resistance could be the potential mechanism for increased serum lipid levels. However, we found that when we controlled for serum insulin, insulin resistance and waist/ hip ratio, serum RBP4 independently predicted the risk of hypertriacylglycerolaemia. It was suggested that RBP4 might have a direct role in the progression of lipogenesis. In a very recent study [24] , RBP4 increased the expression of the gene encoding fatty acid synthase (FASN) in adipose tissue in a manner predominantly correlating with visceral fat accumulation, impaired insulin sensitivity and levels of circulating adipokines.
We also found a positive association of serum RBP4 with albumin excretion and the independent association of RBP4 with risk of microalbuminuria, which coincides with the findings from Takebayashi [3] . The concentrations of RBP4 were significantly elevated in the plasma of diabetic patients and were significantly higher in those with microalbuminuria [25] . Raila et al. report that despite higher excretion of RBP4 in the urine, the levels of RBP4 were still elevated in the plasma of type 2 diabetic patients [25] . In the present study, we found that the prevalence of microalbuminuria increased correspondingly and significantly with the increase in serum RBP4 concentration. RBP4 independently increased the risk of microalbuminuria. Microalbuminuria, which is an early indicator of renal dysfunction, also behaves as a risk factor for arteriosclerosis and cardiovascular disease independent of conventional risk factors. Given the findings that RBP4 levels were extensively associated with the indicators of insulin resistance, such as hyperglycaemia and hypertension, RBP4 might play a role in endothelial dysfunction though the mechanism of impaired insulin sensitivity. Microalbuminuria is well established as one of the risk factors for cardiovascular disease, suggesting that serum RBP4 might serve as an alternative biomarker of cardiovascular disease. This needs confirmation from future prospective studies.
We were not able to find a significant relation between RBP4 and inflammation, as indicated by the levels of Creactive protein and white blood cell counts, in our study. Inflammation is thought to suppress hepatic RBP4 mRNA synthesis [26] and decrease plasma concentrations of RBP4 and retinol [27, 28] . The association of RBP4 with inflammation remains controversial. Sell et al. [29] studied the regulation of RBP4 production by adiponectin and TNF-α in primary human adipocytes; they found that TNF-α strongly downregulates RBP4 production in adipocytes, a completely unexpected effect as TNF-α-treated adipocytes are insulin resistant. The association of RBP4 with inflammation, either acute or low-grade chronic inflammation, is of particular interest.
A major strength of our present study was that none of participants had used glucose-lowering drugs or insulin, so the confounding effect of glucose-lowering treatment could be excluded. Several limitations of our study have also to be addressed. First, although our study participants originated from an epidemiological study, they should not be regarded as a randomly selected sample from the general population, nor as one comprising entirely volunteers, as those who agreed to participate already enrolled in the epidemiological study, which involved 27% of all eligible inhabitants with permanent residence in the community. Possible selection bias cannot be ruled out. Second, our study included more women than men, because the participation rate was higher among women. In China, women retire from work 5 years earlier than men. Indeed, in our present study, fewer women than men had to go to work. Third, the values of serum RBP4 were relatively lower than those reported by Graham et al. [2] , which could reflect the different racial origins of the participants. In several reports on Asian populations, the RBP4 levels were comparably lower than those in the white population for non-diabetic individuals or diabetic patients [3, 12, 13] . The other explanation may be the different measuring system used. Graham et al. [30] recently reported that competitive enzyme-linked immunoassays may selectively underestimate serum RBP4 levels in the setting of insulin resistance because of assay saturation. They also concluded that the quantitative western blotting standardised to full-length RBP4 protein was a 'gold standard' method for measuring serum RBP4 in the insulin-resistant state. An additional reason for the discrepancy may be that the antibodies used in the ELISA had different affinities.
In conclusion, we reported that serum RBP4 levels were closely related to impaired glucose metabolism and other metabolic disorders and were independently associated with a higher risk of microalbuminuria in Chinese adults. Central obesity, determined by waist/hip ratio, and triacylglycerol levels were highly correlated with increased serum RBP4 concentrations. Prospective studies are needed to elucidate the role of serum RBP4 in the pathogenesis of type 2 diabetes and cardiovascular disease. Values are ORs (95% CI) a For the risk of microalbuminuria, we defined participants with the normal urinary albumin excretion as 0 (n=1,651) and microalbuminuria as 1 (n=127), excluding macroalbuminuria (n=17) from the analysis b For the risk of combined micro-and macroalbuminuria, we defined participants with normal urinary albumin excretion as 0 (n=1,651) and combined micro-and macroalbuminuria as 1 (n=144)
